Pressure-driven shock waves in solid materials can cause extreme damage and deformation. Understanding this deformation and the associated defects that are created in the material is crucial in the study of a wide range of phenomena, including planetary formation and asteroid impact sites [1] [2] [3] , the formation of interstellar dust clouds 4 , ballistic penetrators 5 , spacecraft shielding 6 and ductility in high-performance ceramics 7 . At the lattice level, the basic mechanisms of plastic deformation are twinning (whereby crystallites with a mirror-image lattice form) and slip (whereby lattice dislocations are generated and move), but determining which of these mechanisms is active during deformation is challenging. Experiments that characterized lattice defects [8] [9] [10] [11] have typically examined the microstructure of samples after deformation, and so are complicated by post-shock annealing 12 and reverberations. In addition, measurements have been limited to relatively modest pressures (less than 100 gigapascals). In situ X-ray diffraction experiments can provide insights into the dynamic behaviour of materials 13 , but have only recently been applied to plasticity during shock compression [14] [15] [16] [17] and have yet to provide detailed insight into competing deformation mechanisms. Here we present X-ray diffraction experiments with femtosecond resolution that capture in situ, lattice-level information on the microstructural processes that drive shock-wave-driven deformation. To demonstrate this method we shock-compress the body-centred-cubic material tantalum-an important material for high-energy-density physics owing to its high shock impedance and high X-ray opacity. Tantalum is also a material for which previous shock compression simulations [18] [19] [20] and experiments 8-12 have provided conflicting information about the dominant deformation mechanism. Our experiments reveal twinning and related lattice rotation occurring on the timescale of tens of picoseconds. In addition, despite the common association between twinning and strong shocks 21 , we find a transition from twinning to dislocation-slip-dominated plasticity at high pressure (more than 150 gigapascals), a regime that recovery experiments cannot accurately access. The techniques demonstrated here will be useful for studying shock waves and other high-strainrate phenomena, as well as a broad range of processes induced by plasticity.
Pressure-driven shock waves in solid materials can cause extreme damage and deformation. Understanding this deformation and the associated defects that are created in the material is crucial in the study of a wide range of phenomena, including planetary formation and asteroid impact sites [1] [2] [3] , the formation of interstellar dust clouds 4 , ballistic penetrators 5 , spacecraft shielding 6 and ductility in high-performance ceramics 7 . At the lattice level, the basic mechanisms of plastic deformation are twinning (whereby crystallites with a mirror-image lattice form) and slip (whereby lattice dislocations are generated and move), but determining which of these mechanisms is active during deformation is challenging. Experiments that characterized lattice defects [8] [9] [10] [11] have typically examined the microstructure of samples after deformation, and so are complicated by post-shock annealing 12 and reverberations. In addition, measurements have been limited to relatively modest pressures (less than 100 gigapascals). In situ X-ray diffraction experiments can provide insights into the dynamic behaviour of materials 13 , but have only recently been applied to plasticity during shock compression [14] [15] [16] [17] and have yet to provide detailed insight into competing deformation mechanisms. Here we present X-ray diffraction experiments with femtosecond resolution that capture in situ, lattice-level information on the microstructural processes that drive shock-wave-driven deformation. To demonstrate this method we shock-compress the body-centred-cubic material tantalum-an important material for high-energy-density physics owing to its high shock impedance and high X-ray opacity. Tantalum is also a material for which previous shock compression simulations [18] [19] [20] and experiments [8] [9] [10] [11] [12] have provided conflicting information about the dominant deformation mechanism. Our experiments reveal twinning and related lattice rotation occurring on the timescale of tens of picoseconds. In addition, despite the common association between twinning and strong shocks 21 , we find a transition from twinning to dislocation-slip-dominated plasticity at high pressure (more than 150 gigapascals), a regime that recovery experiments cannot accurately access. The techniques demonstrated here will be useful for studying shock waves and other high-strainrate phenomena, as well as a broad range of processes induced by plasticity.
Previous in situ experimental measurements of lattice evolution during shocks have not had sufficient temporal or spatial resolution to enable direct comparisons to the theory of shock-driven lattice deformation. A more direct comparison to theory is needed because, even for a well-studied body-centred-cubic metal such as tantalum, experiments disagree on the operative deformation mechanismtwinning or dislocation generation and transport (slip). Tantalum samples contain large numbers of twins at shock pressures above about 50 GPa (refs 8-11) , but in situ diffraction experiments have not registered a signal indicative of twinning at these pressures 16, 17 . Although the large difference in timescales makes it difficult to compare simulations and experiments, large-scale molecular dynamics simulations OX1 3PU, UK. 3 Los Alamos National Laboratory, Bikini Atoll Road, SM-30, Los Alamos, New Mexico 87545, USA. VISAR is used to monitor the free-surface velocity of the tantalum. The shock-compressed tantalum is probed by the X-ray beam (purple), and the resulting textured diffraction patterns are collected on an array of hybrid pixel array detectors.
in strongly shocked tantalum also disagree. The deformation mechanism varies from slip 18 to twinning 19 to a combination of the two mechanisms 20 , depending on which interatomic potential is used in the simulation. Here we use X-ray free-electron laser sources to make direct compari sons between experiments and molecular dynamics simulations of lattice deformation during shock compression.
We use temporally resolved, in situ X-ray diffraction to probe shocked polycrystalline tantalum, providing direct characterization of the mechanism and timescale of the ultrafast deformation for shock pressures ranging from 10 GPa to about 300 GPa (at which the material melts). The experiments were performed at the Matter in Extreme Conditions end station of the Linac Coherent Light Source; a sketch of the set-up is shown in Fig. 1 . Probed during the initial shock transit through the tantalum, the diffraction patterns have signal from both driven and undriven material. The material transitions rapidly to the shocked state. The low signal level between lines corresponding to driven and undriven states implies a fast transition, occurring on timescales of less than 100 ps for the highest pressures (strain rate of more than 10 9 s −1 ). The femtosecond scale of the X-ray pulse means that the probe is completed before structural changes Letter reSeArCH can occur in the lattice, enabling the study of such rapidly occurring processes.
The tantalum foil was fabricated by vapour deposition, which creates a fibre-like texture where the grains share a common crystallographic direction along the sample normal ([110] in this case), but are oriented randomly in the transverse direction. Having a known, highly textured starting material means new orientations that are created by deformation can readily be observed in the diffraction data 22 . Twinning and slip produce distinct changes to the texture of the tantalum sample, which can be used to determine the active mechanism for deformation during shock compression. Twinning and slip can both cause a rotation of the lattice when the sample is laterally confined during shock compression, because a lattice rotation is needed to maintain the geometry of uniaxial compression 23 . However, twinning also produces an additional mirror rotation in the twin grain.
Owing to the highly textured structure of the tantalum foil, only certain spots are visible on the powder Debye diffraction ring. The azimuthal positions of the spots correspond to the angles of the respective diffraction planes. In Fig. 2 we show an example diffraction pattern before shock loading. Contours of constant χ, the angle between the sample surface and the diffraction plane, are overlaid (constant scattering (Bragg) angle 2θ is shown as dashed lines). The two sketches of a tantalum unit cell (Fig. 2) demonstrate that the {110} planes have angles of 60° or 90° relative to the sample plane. The {110} diffraction ring has texture spots at corresponding χ of 60° and 90° (marked with green arrows). Similar reasoning accounts for the azimuthal positions of texture spots for the other diffraction rings.
Texture changes are evident in the data for the driven material for a wide range of shock pressures, as shown in the example diffraction patterns in Fig. 3 . Comparing χ for the spots that correspond to the compressed and uncompressed material reveals the texture change during shock compression. As shown in Fig. 3a (23 GPa) , the distance between lattice planes decreases in the driven portion of the sample and the diffraction lines move to higher 2θ angles, but no change in χ is observed. At 46 GPa (Fig. 3b) , new spots form on the compressed Debye ring (marked with red arrows) that correspond to an orientation for twinning across a {112} mirror plane (the dominant twin plane in body-centred-cubic tantalum). In the data for higher pressures (Fig. 3c, d ), the χ = 60° spot is elongated azimuthally; the texture spot spans the detector gap (Fig. 3c ) and even splits into two spots (Fig. 3d) . These changes in χ correspond to lattice rotation, whereby the rotation moves some planes to higher χ and other planes to lower χ. In contrast, no shift in χ is expected for the χ = 90° spot because the rotation occurs in this plane.
The amount of change in texture is plotted in Fig. 4a (twinning) and Fig. 4a (lattice rotation) . The twin fraction is minimal (consistent with zero) below 25 GPa, and increases with shock pressure in the 25-75-GPa regime, reaching a twin fraction of about 30%-40% at 75 GPa. Surprisingly, even though twinning is often associated with strongly driven metals, at higher shock pressures of more than 150-175 GPa the twin fraction falls to less than 10%. The lattice rotation in Fig. 4b can be due to either slip or twinning and is found to increase monotonically. The decrease in twin fraction observed above about 150 GPa therefore indicates a transition to slip-dominated plasticity.
In Fig. 4c we plot the equivalent plastic strain associated with twinning (γ tw P ; orange triangles) and lattice rotation (γ ro P ; purple diamonds). The plastic strain from slip can be determined from the difference γ γ − ro P tw P . The total strain for a given shock is shown by the equivalent plastic strain on the material when subjected to a hydrodynamic shock ('on the Hugoniot') (γ Hu P ; black line). If either mechanism dominates the response, then the plastic strain from that mechanism will be a large fraction of γ Hu P . Whereas the onset of twinning occurs at 25 GPa, the plastic response is twin-dominated in the 40-80-GPa range. Above 150 GPa, the plastic strain from twinning falls well below the Hugoniot line, indicating that the plastic response becomes slip-dominated. | Twin fraction, rotation angle and plastic strain computed from the diffraction data from separate shock experiments. a, Twin fraction as a function of shock pressure, measured from diffraction data by the ratio of texture spots (orange triangles) and from molecular dynamics simulations (black circles). b, Lattice rotation angle from X-ray diffraction data (purple diamonds) and from molecular dynamics simulations (black circles). c, Equivalent plastic strain inferred from lattice rotation (purple diamonds) and twin fraction (orange triangles). The equivalent plastic strain for a material subject to hydrodynamic shock ('on the Hugoniot') is also plotted (black curve). The rotation data follow the Hugoniot line less 4% strain (dotted curve). Twinning accounts for the majority of the Hugoniot plastic strain in the 40-80-GPa range (pink shaded region); however, twinning-induced strain falls well below the total plastic strain above 150 GPa (blue shaded region), indicating that the response is slip-dominated. Error bars are the standard deviation of measurements made from each diffraction line.
The trend for the lattice rotation follows the Hugoniot line with a small offset. There is a difference of 4% strain between the two curves (γ γ − ≈ . 0 04
Hu P ro P ), indicated by the dashed line in Fig. 4c . In Fig. 3b-d , the χ = 90° spots of the driven (110) Debye rings show some azimuthal broadening. As noted above, because slip along the {112} planes does not affect the (110) χ = 90° planes, this broadening is an indication of a small amount of slip along other planes, and probably accounts for the 4% difference.
Phase transformations can also create changes in texture and should be considered as a possible response to shear strain 22 . Although density functional theory indicates that the body-centred-cubic phase is the stable phase for pressures up to 700 GPa and temperatures up to the melt line 24 , the plastic deformation of shock compression may drive a transition to the hexagonal phase, as indicated by recovery and molecular dynamics simulations 9, 25 . Our data do not show substantial amounts (more than 0.1%) of the hexagonal phase (see Extended Data Figs 1 and 2) or any other solid phase apart from body-centred-cubic for all pressures, from ambient up to melt at around 300 GPa.
We performed molecular dynamics simulations using the Ravelo potential 26 , simulating a single crystal of tantalum at 300 K shocked along the [110] direction. In Fig. 4a, b we show the simulated twin fraction and lattice rotation as a function of pressure (black circles). The molecular dynamics simulations show the onset of twinning occurring at similar pressures as indicated by the data, although the decrease in twin fraction occurs at much lower pressure in the simulations. The simulated lattice rotation is in good agreement with the data in the 75-200-GPa pressure range.
The quantitative measurements provided by X-ray diffraction enable direct comparison to simulations and modelling. Complex constitutive models such as the Livermore multiscale model 27 begin with the assumption that plasticity is dislocation-based. Even in the simplified case studied here, in which no phase transformations occur and loading is restricted to a single crystal axis, the dominant deformation mechanism transitions multiple times as the shock pressure is increased, from minimal twinning to twinning-dominated to slip-dominated. Our experiments occur on timescales similar to those probed by molecular dynamics simulations and explore high-pressure regimes that are difficult to observe and interpret using experiments that probe the material after the shock has dissipated, highlighting the importance of in situ experi ments for studying materials under extreme conditions. Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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The experiments were performed at the Matter in Extreme Conditions end station of the Linac Coherent Light Source. The tantalum structure was probed while under shock compression and the resulting diffraction patterns were recorded on several Cornell-SLAC hybrid pixel array detectors 28 ( Fig. 1) . A planar shock was driven by direct laser ablation from frequency-doubled (527 nm) laser beams, using a 5-10-ns square pulse. Hybrid phase plates were used to modify the focal spot. These plates use surface features to shift the phase of the light, creating focal spots of 100 μ m, 150 μ m or 250 μ m diameter with 'top hat' intensity profiles. Each target consisted of a 50-μ m-thick kapton ablator glued to a 6-μ m-thick foil of tantalum. The ablator thickness (several times larger than that of the sample) prevents reverberations from entering the tantalum before the initial shock has passed through the sample. The thickness of the ablator also helps to smooth out spatial variations in drive that are created by the speckle pattern of the laser spot. The tantalum foil was fabricated by vapour deposition onto a SiO 2 substrate at a temperature (about 450 °C) sufficient to create the body-centred-cubic (bcc) α -Ta phase and to delaminate the tantalum from the substrate upon cooling. Small amounts (< 0.5%) of the β -Ta phase are also present in some of the samples.
A velocity interferometer system for any reflector (VISAR) diagnostic was used to monitor the free-surface velocity of the tantalum during the shock compression and release and to help set the diffraction timing. The optical streak camera system (line VISAR) was used to confirm the planarity of the drive. The VISAR images show that the planar driven region approximately corresponds to the size of the phase plates and is larger than the 20-μ m X-ray beam. Example VISAR data for a 130-GPa shock are shown in Extended Data Fig. 3 .
The X-ray beam was tuned for 9.6-keV photons in a 50-fs pulse. The diffraction angles were calibrated using a powder sample of Laboratory 6 and CeO 2 standards. The calibrated detector positions were then used to measure the diffraction angles from the tantalum samples. The sample orientation is determined by fitting the χ of the spots of the ambient diffraction pattern. The amount of lattice rotation can then be determined from the χ of the driven spots. A single rotation from the original [110] orientation is determined that best fits the measured χ of the driven spots. The diffracted intensity was adjusted to account for polarization of the X-ray beam using the following factor:
where φ is the azimuthal angle for diffracted X-rays. The pressure produced by the shock loading was calculated from the distance between the lattice planes (d spacing) measured by diffraction assuming a bcc structure. Specifically, the shock pressure was found using the shock speed data from ref. 29-U S = C 0 + SU p , where U S is the shock speed, C 0 = 3,293 m s −1 is the sound speed, U P is the particle speed and S = 1.307 is a material constant-which together with the RankineHugoniot equations, give the following expression for the shock pressure 30 :
where ρ 0 is the initial density and d 0 and d are the initial and compressed lattice spacing, respectively. Because the error in determining the peak positions in the diffraction data is small, the main sources of uncertainty in determining the pressure are the spatial and temporal non-uniformity in the drive. These nonuniformities will not substantially change the average pressure, but may affect the range of pressures present in the sample. The VISAR records show that the drive is steady before the first reverberation. Some spatial non-uniformity is present, but is small over the 20-μ m region probed by the X-ray beam. One the basis of the uncertainty in fitting the peak positions, the pressure uncertainty is ± 3 GPa. For high-pressure shocks, in which the driven diffraction pattern had a diffuse signal indicative of a liquid sample, the pressure could not be reliably measured from the diffraction data. The pressure estimate from the laser ablation intensity is consistent with previous measurements of the shock melting pressure of about 300 GPa (ref. 31) . Expected signal if the hexagonal phase were present. We analysed the diffraction data for the presence of the hexagonal (ω ) Ta phase. This phase has previously been observed in shock-recovered tantalum samples 9, 25 . We use the following relationship between the bcc (α -Ta) and hexagonal (ω -Ta) lattice parameters
The TEM diffraction patterns in ref. 25 were matched to calculated patterns using these lattice parameters.
The ω -Ta phase has been observed 25 in samples that were recovered following shock loading to about 70 GPa. In Extended Data Fig. 1 . we show our driven data for a 73-GPa shock and indicate the expected peak positions for the hexagonal structure as well as the 'rumpled' hexagonal structure reported in ref. 9 .
Because the initial tantalum structure is highly textured, the transformed ω phase may also be highly textured. The same orientation relationship between the matrix and ω phase is observed in refs 9 and 25, namely that (111) m is parallel to (0001) ω and [110] m is parallel to [1000] ω , where the 'm' subscript refers to the matrix bcc phase and the 'ω ' subscript to the transformed ω phase. Using this relationship, we show in Extended Data Fig. 2 the azimuthal positions of the texture spots for the ω phase (white lines). For simplicity, the rumpled structure is not shown. The detectors cover multiple spots where the ω peaks would be expected given the previously reported orientation relationships, yet no signal was observed. Calculating the twin fraction. We measured the twin fraction by comparing the intensity of texture spots corresponding to the twin orientation with the intensity of other driven and undriven texture spots. In addition, the differing multiplicities of various planes associated with specific χ must be considered. For example, a unit cell in the twin orientation will have twice as many planes for χ = 90° than for χ = 70.5°, so the twin fraction is where I refers to the integrated intensity of the specified diffraction spot. This equation assumes azimuthal symmetry, because the two spots being compared have different azimuthal positions. The azimuthal variation of the (110) fibre texture was not known before the experiments, so the variation is a source of uncertainty in our measurements. Pole figure measurements were performed on the remaining samples, and azimuthal lineouts, normalized relative to the azimuthal average, follow a roughly sinusoidal pattern with 180° rotational symmetry and variation in intensity of ± 30%. Similar calculations were performed for the (200) χ = 76.3° and (211) χ = 61.3° twin spots, and the results were averaged to arrive at the final twin fraction values. The error bars were set to the standard deviation of the measurements using the three lines. For shock pressures in the 50-150-GPa range, some of the driven twin spots fall into gaps between the detectors, limiting measurements in this pressure regime. The error was assumed to be 50% when twin spots were measured on only one diffraction line, which reflects the uncertainty in the azimuthal texture in both the twin spot and the reference spot.
We can quantitatively determine the role of twinning in the overall plastic response by comparing the plastic strain from twinning γ tw P to the total plastic strain imparted by the shock γ Hu P , where f tw is the twin fraction, ε 0 is the eigenstrain, M is the Schmid factor (for [110] loading, ε 0 = 0.707 and M = 0.471), and V 0 and V are the specific volumes in the ambient and shocked conditions, respectively 21, 32 . We have taken the residual elastic shear strain to be negligible owing to the absence of diffraction-ring distortion (discussed below), implying full plastic relaxation of the shear stress on the ultrashort timescale of the experiment.
The {112} planes serve as the dominant planes for both slip and twinning, meaning both mechanisms will produce similar lattice rotations. The observed rotation, found by fitting the azimuthal position of the diffraction spots, provides a measurement of the plastic strain caused by both mechanisms: where χ 0 and χ correspond to the initial and final angles, respectively, between the slip plane normal and the compression direction. Calculating the plastic strain as a function of rotation. Here we discuss the relation between the plastic strain γ p and the rotation that is measured. Throughout this analysis we assume that the residual shear stress in the shocked tantalum is zero or so small that it can be neglected. This assumption, justified by the ring-distortion analysis in the next section, allows us to impose that the elastic strain in the shocked state is strictly hydrostatic: 
